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Abstract 
Liquid condition monitoring is applied to monitor the state of a liquid which itself is constituent of a product in a 
production process (e.g., in food industry) or which is an indicator for the state of a machine or plant (e.g., lubrication 
oil). In this contribution, selected physical sensor principles are reviewed and the relevance of the associated 
measurement domain as well as the influence of the liquid’s microstructure is highlighted. 
© 2011 Published by Elsevier Ltd. 
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1. Introduction 
Fluids play a primary role in many industrial processes but also other equipment and machines such as 
automobiles [1]. It is often useful or even essential to monitor the actual state of the fluids in order to 
determine required maintenance (refill or replacement) of a working liquid, to monitor the process 
handling the particular fluid, or to indirectly obtain information about the state of the machine or plant.  
Very often the sensing process is actually targeting at a chemical property of a liquid such as the pH-
value or the presence of certain compounds within a liquid (e.g., as a result of oxidation processes). A 
dedicated chemical sensor would employ a chemical interface which selectively reacts with (or adsorbs) 
the targeted substance and changes its physical properties (e.g., its mass due to adsorbtion). The latter 
change can be detected by means of suited physical sensors. Typical examples would be surface acoustic 
wave (SAW) sensors, which are highly sensitive with respect to surface mass depositions [2].  
Unfortunately, these chemical interfaces often lead to issues, e.g., in terms of reproducibility, 
reversibility of the associated reactions and poisoning. Moreover the interface materials themselves are 
often prone to degradation such that the accuracy, particularly in harsher environments, cannot be 
maintained. Thus in many applications one adopts the concept of “physical chemosensors”, where a 
purely physical sensor is used to obtain information on the state of the liquid [3],[4].  If, for instance, the 
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monitored process is well understood, physical quantities can be used to indirectly determine the chemical 
state of the fluid. A simple example for this approach is the determination of the alcohol content of a brew 
by means of a density measurement (before and after fermentation). Alternatively, for more complex 
processes, physical sensor arrays can be employed, which are related to the sought chemical parameters 
by means of establishing suitable correlations. 
When it comes to physical quantities, an important class for condition monitoring applications are 
constitutive parameters, i.e. quantities that relate two other physical quantities (generally a “response” and 
a “force”) and that are specific to a substance such as conductivity, permittivity, Young’s modulus, and 
viscosity. It is near at hand that such “material parameters” are particularly suited when it comes to 
characterize the state of a fluid by means of physical sensing. Every sensor for such parameters employs a 
mechanism that crucially involves the constitutive equation associated with the targeted material 
parameter. It is now important to realize that constitutive equations most often represent a 
phenomenological law which macroscopically describes complicated microscopic phenomena within the 
material. Thus they rather represent a model than a fundamental physical law. The validity of this model 
for a particular fluid under investigation thus crucially affects the measurement results and its 
interpretation. A particularly interesting constitutive parameter is the viscosity of a fluid since there is a 
large variety of fluids showing complicated rheological behavior requiring refined models. 
In the following we briefly review some parameters and examples for sensing methods (section 2) and 
discuss examples for issues that have to be considered (section 3). 
2. Physical parameters for fluid condition monitoring 
2.1. Electrical conductivity and permittivity 
Permittivity H and electrical conductivity V can be sensed by setting up a two electrode arrangement 
and using the sample material as dielectric, or in case of conductive materials, conductive medium 
between the electrodes. Typically the measurement is performed with AC signals to avoid 
electrochemical reactions at the electrodes. By choosing a sufficiently high frequency, the influence of 
electrode effects (due to double layer capacitances, contribution due to the diffusion of ions, etc.) can be 
significantly reduced such that the bulk properties of the material can be sensed reliably. A more general 
term for this approach is impedance spectroscopy (IS). In contrast, electrochemical impedance 
spectroscopy (EIS) is focusing on electrochemical reactions at the electrodes.  
The sensitivity of the sensor can be increased, if more space carrying significant electric fields is filled 
with the sample (ideally all space would be filled). A common structure facilitating planar fabrication 
technologies are interdigitated electrodes. In this case the capacitance features an offset due to the field in 
the substrate. The field strength decays orthogonal to the substrate surface where the decay length is 
related to the spacing of the fingers. Thus, if the fluid shows a microstructure (e.g., in case of emulsions), 
this limited penetration depth needs to be considered (see also below). 
2.2. Thermal conductivity and diffusivity 
Thermal conductivity O and diffusivity a are elementary thermal constitutive parameters, which are 
linked to the specific heat capacity cp by 
a
c p U
O   (1) 
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Here U denotes the mass density of the material. Classically the thermal conductivity and diffusivity 
can be measured using, e.g., the hot wire method [5], where a wire is placed in the sample and abruptly 
heated by an electric current step such that the wire and the surrounding medium under investigation start 
heating up. Recording the temporal evolution of the temperature response enables the determination of 
the thermal conductivity and diffusivity of the surrounding liquid. Other heater geometries such as thin 
metal sheets have also been used [6]. Due to scaling properties, miniaturization makes the method much 
more efficient in terms of required heating power and response times. Thus micromachined membrane 
devices, similar to those used for hot film anemometers used for flow measurements, can be used to 
determine thermal constitutive parameters. Applying a sinusoidal heater signal, by virtue of synchronous 
detection (lock-in principle), the signal to noise ratio can be significantly increased such that 
measurements can be performed with excess temperatures below 1K [7]. The synchronous detection 
method is in some sense related to the well known 3Z-method [8], where a heater wire is driven with an 
AC current i of frequency Z causing a harmonic component of the heating power with frequency 2Z. The 
associated change in temperature (which depends on the thermal conductivity of the material surrounding 
the wire) in turn leads to an associated change in resistance R of the heater wire. Thus the voltage drop i.R
across the heater wire will feature a component with frequency 3Z, which can be measured selectively 
and from which the thermal conductivity can be calculated. 
Interestingly, thermal conductivity sensing is – to date – scarcely used in condition monitoring 
applications. The reason for this supposedly lies in the adverse properties of macroscopic measurement 
approaches, i.e. relatively large heating powers and large response times. Thermal conductivity sensing 
has been described as means to monitor oil deterioration [9]. Often the behavior of thermal properties as 
monitoring parameters will be similar to that of electrical parameters (for conductive materials there is a 
strong relation since conduction electrons contribute to both mechanisms) and in this case it is near at 
hand that the conceptually simpler methods for electric parameter sensing are applied. A classical 
application is the determination of the thermal conductivity of soil in geophysics [10]– for these 
applications, very robust sensors are required. Thermal conductivity sensing can also be applied for gas 
sensing, e.g., for detectors in gas chromatographs or as indicating parameter of hydrogen content in air 
[11]. In the latter case, the fact that the thermal conductivity of hydrogen gas is significantly different 
from that of the gases normally present in air is exploited.
2.3. Density and velocity of sound 
Fluid density U and the velocity of sound c are fluid parameters that are accessible via ultrasonic 
sensing methods. For the density there are a variety of methods and as an example we name those where 
the resonant frequency of a mechanical oscillator is affected by the viscosity of the surrounding media, 
such as e.g. cantilevers [12],[13],[14], or thickness shear mode resonators (see also below) featuring a 
structured surface with liquid traps such that an additional surface mass-loading depending on the density 
of the trapped liquid is created [15]. For the measurement of the speed of sound, macroscopic ultrasound 
transmitters and probes are commercially available, e.g., in time of flight measurement setups [16]. In 
[17] a setup where the sample is contained in an ultrasound resonator structure driven by piezoelectric 
transducers is presented. We recently also investigated a similar setup for launching pressure waves in 
order to determine the longitudinal viscosity [18]. Also with this setup a resonator containing the liquid 
under test is investigated where a resonant pattern can be observed in the transducer impedance from 
which also the velocity of sound in the sample can be determined. Alternatively the characteristic acoustic 
impedance Z=U c can be determined which is also related to the sound velocity c.
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2.4. Viscosity 
Viscosity is maybe one of the most complex physical fluid parameters and a lot of our recent research 
has been devoted to its measurement (see, e.g., [19] for a review on some related work). It plays a central 
role in the field of rheology, i.e. the science of flowing matter. The shear viscosity K of a fluid is defined 
as
J
WK

   (2) 
where W  denotes the shear stress (shear force per area) and J  is the shear rate within the medium. For 
a one-dimensional shear-flow situation, where a fluid is sheared between two parallel plates where each 
applying a shear stress  W , the resulting shear rate in the liquid corresponds to the velocity gradient in the 
surface normal direction of the plates. Eq. 2 is in analogy to the definition of the shear modulus G of an 
isotropic elastic solid which is defined as 
J
W G   (3) 
where J denotes the engineering shear strain (which equals twice the associated off-diagonal 
component of the strain tensor) whose time derivative corresponds to the shear rate J . Strictly speaking, 
Eq. 2 merely represents a model for the viscous behavior, which is only valid for so-called Newtonian 
liquids (an analogy would be Hookean solids which, regarding their shear behavior, obey Eq. 3). All 
fluids deviating from (2) with constant K are termed “non-Newtonian”.  
Non-Newtonian behavior can be categorized in linear and non-linear behavior. Let us first briefly 
discuss he linear case. Considering time-harmonic stresses and shear rates, the relation between W  and J
can be written as 
         ZJZZKZJZZW jG     (4) 
using complex notation for time-harmonic quantities (assuming a time dependence exp(jZt)) or 
equivalently considering the quantities to be subjected to a Fourier transform. Eq. 4 represents both, Eqs. 
2 and 3, in frequency domain where the derivative can be represented by a multiplication with jZ. It 
describes general, so-called viscoelastic behavior with frequency dependent shear modulus and viscosity. 
In this notation a Newtonian liquid corresponds to a purely imaginary shear modulus G(Z)=jZK with 
constant K, whereas a Hookean solid would have a real and frequency-independent G. All other linear 
media described by (4) where G features non-vanishing real and imaginary parts, G= G´+j G´´ (both G´
and G´´ are in general frequency dependent), are linearly viscoelastic solids or liquids. Some can be 
modeled by lumped element models such as  the Maxwell or Kelvin-Voigt models [20]. In time domain, 
the equivalent to Eq. 4 would be a convolution integral with a kernel corresponding to the inverse Fourier 
transform of G(Z)
     ³
f
ccc 
t
tdtttGt JW   (5) 
where the upper limit of the integration is owing to the requirement of determinism or causality. 
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Nonlinear behavior is commonly much more difficult to handle and to model. First, there is a class of 
effects that can be categorized as non-linear vicoelastic effects. Strictly the constitutive relations (2) and 
(3) are associated with the so-called infinitesimal strain theory (or geometrically linear theory of 
elasticity). For larger deformations, the methods of finite strain theory have to be adopted, where the 
description of the deformation in terms of the common (infinitesimal) strain tensor is replaced by the 
Cauchy-Green deformation tensor (or similarly by the Finger tensor) [21]. For the example of a simple 
shear deformation, these tensors contain quadratic terms in J. In terms of these finite strain tensors, 
comparatively simple constitutive models (representing so-called neo-Hookean materials) covering 
non-linear viscoelastic effects can be established. An example for such effects would be the appearance of 
normal-stress components in the direction of shear and orthogonal to it. These normal stresses are even 
functions in J. A well-known effect related to normal stresses is the Weissenberg effect where a liquid 
polymer solution is drawn into the direction of an immersed spinning rod rather than being thrown 
outward (see, e.g., [21]). 
Furthermore, non-linear rheological effects include the dependence of the constitutive parameters on 
the amplitude of the shear or stress, memory effects (such as hysteresis), and complex rheological 
behavior such as thixotropic (shear thinning) and rheopectic (shear thickening) behavior, where the 
apparent viscosity drops or increases with the duration of the shear stress, respectively. This behavior can 
often not be modeled properly or leads to very involved models where material parameters depend on 
both, stress and strain. An example would be the model for thixotropic fluids that was developed by 
Cheng and Evans [22] involving a state equation 
 JJOKW ,   (6) 
and a rate equation for the parameter O representing structural changes in the fluid 
 JOO ,g
dt
d    (7) 
For such non-linear behavior, very dedicated measurement methods have to be applied in order to fully 
characterize the constitutive parameters 
3. Issues with complex fluids – examples 
3.1. Permittivity of emulsions 
The electric permittivity as a condition monitoring parameter is near at hand if matter with 
significantly changing electric polarizability is considered. In many applications, mixtures of fluids with 
different permittivities are considered. Depending on the structure of the mixture, so-called mixing rules 
are employed to characterize the effective, i.e. macroscopically appearing, permittivity of the mixture. For 
heterogeneous mixtures, the components of the mixture appear in separated phases, in case of two 
immiscible fluids an emulsion is formed. One of the two phases commonly appears as droplets, which are 
dispersed in the other, so-called “continous” phase. Most emulsions consist of water and oil; in the case of 
water droplets dispersed in oil, a water-in-oil (W/O) emulsion is present, otherwise the emulsion is 
classified as oil-in-water (O/W) emulsion. Furthermore the emulsion may contain significant amounts of 
surfactants affecting the interface between the phases and thus influencing the characteristics of the 
emulsion, e.g., the droplet size. In so-called microemulsions, the droplet size is reduced to the sub-micron 
range by special surfactants which suppresses light scattering by the droplets such that these emulsions 
appear optically clear (common emulsions appear clouded such as milk) [23]. 
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In the following we briefly discuss the application of determining the water content in oil (for instance 
water contamination in engine or gearbox oil). Due to the high relative permittivity of water 
(approximately 80 compared to 2-3 for oil), a permittivity measurement for the determination of the water 
content in oil is near at hand. However, the intuitively obvious linear mixing rule suggesting a relative 
effective permittivity of (1-f)Hr,o+fHr,w, where f denotes the water volume fraction and  Hr,o and  Hr,w are the 
relative permittivities of oil and water, respectively, is incorrect. Due to the microstructure, i.e. the 
presence of immersed water droplets in oil, another mixing rule has to be employed such as, e.g., the 
Maxwell-Garnett mixing rule which assumes spherical droplets [24]  
)(2
31
,,,,,
,
orwrorwr
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mr
f
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f
HHHHH
H


  (8) 
Since Hr,w>>Hr,o , for small water fractions f  this formula can be approximated as [25]  
  1.0andfor31 ,,,, d!!| ff orwrormr HHHH  (9) 
This equation means that, e.g., a water contamination of 1% by volume effectively increases the 
permittivity of the oil by 3%. Interestingly, the permittivity of water is not appearing any more in this 
approximation which can be explained by the fact that the electric field, due to the high permittivity of 
water, is basically short-circuited in the droplets such that only the microstructure and the volume fraction 
is relevant. Thus the increase is not as large as may by anticipated at first but on the other hand it is 
independent of the detailed nature of the contaminating water (e.g., whether it is salt water or pure water) 
as its permittivity is almost irrelevant. 
For microemulsions, the situation can be different as so-called bi-continuous phases (instead of 
droplets of one phase in the continuous other phase) can occur – in this case the effective permittivity can 
be approximated by other bounds, the so-called Hashin-Shtrikman-bounds. For a more detailed account 
on this, see [26]. 
3.2. Viscosity of non-Newtonian fluids 
The complex nature of the constitutive parameter viscosity can give rise to all kinds of complications. 
In this chapter we briefly refer to some examples discussed in more detail in previous works. 
When using miniaturized devices for viscosity sensing, the most common technique is that of bringing 
a shear-vibrating surface in contact with the liquid, e.g. by using a thickness shear mode quartz resonator 
[15] or a Love wave sensor [27]. The resonant characteristics of the device will be affected by the 
complex characteristic acoustic shear wave impedance Zac of the liquid [28], which, for a Newtonian 
liquid is given by  
 
2
1
ZKUjZac    (10) 
The shear wave penetrating the liquid is attenuated featuring a penetration depth G given by 
ZU
KG 2   (10) 
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As most miniaturized resonators operate a relatively high frequencies (at least compared to the 
frequencies of laboratory viscometers which do not exceed ~100 Hz) the resulting penetration depth G can 
be very low, e.g., in the submicron range. For instance, at 5 MHz the penetration depth for water would 
be in the order of 0,25 microns. This means that only a thin layer of liquid is being sensed. For liquids 
featuring a microstructure with characteristic dimensions above G, the measured viscosity will be different 
from that obtained by laboratory instruments, see, e.g., the cases of emulsions, microemulsions and 
zeolite synthesis solutions discussed in [23],[25],[26], and [29]. 
Due to the high frequencies, also viscoelastic effects come into play. For instance it was found that the 
effect of viscosity modifiers with high molecular weight in engine oil on the macroscopically apparent 
viscosity was not detected by TSM resonators [30]. This may appear as a disadvantage if the sensor is 
supposed to reproduce the results of a laboratory viscometer, but on the other hand it offers the 
opportunity to selectively monitor the viscosity of the base oil, which, in turn is related to the oxidative 
deterioration of the oil. It is not clear if this behavior is related to the fact that a thin film is probed, or if it 
can be attributed to viscoelastic and/or non-linear effects. 
If these effects are considered spurious, one can move to lower frequencies and/or employ different 
modes of vibration. An example for the latter would be vibrating cantilvers, which, however, feature a 
different interaction mechanism with the liquid leading to more complicated models, see, e.g. 
[12],[13],[14]. An overview on such alternative devices can be found in [19]. 
4. Conclusions 
Physical chemosensors are suitable for many condition monitoring applications where reliability is an 
issue. We briefly reviewed several principles and pointed out the necessity of carefully considering what 
parameter is actually measured by a specific sensor principle in the case of complex fluids. 
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